Abstract-The objective of this study was to develop a new high-efficiency dry powder inhaler (DPI) that can effectively aerosolize large masses (25-100 mg) of spray dried powder formulations. The DPI was designed to implement a concept similar to a fluidized bed for aerosolization using small mixing balls made of polytetrafluoroethylene along with a larger, hollow dosing sphere filled with the powder. The performance of the fluidized bed DPI was compared, based on emitted dose (ED) and aerosolization efficiency, to other recently developed capsule-based DPIs that were designed to accommodate smaller powder masses (~2-20 mg). The inhalers were tested with spray dried excipient enhanced growth (EEG) formulations that contained an antibiotic (ciprofloxacin) and hygroscopic excipient (mannitol). The new fluidized bed design produced an ED of 71% along with a mass median aerodynamic diameter of 1.53 lm and fine particle fractions <5 and 1 lm of 93 and 36%, respectively, when used to deliver a 100 mg loaded mass of EEG powder with the advantage of not requiring multiple capsules. Surprisingly, performance of the device was further improved by removing the mixing balls from the inhaler and only retaining the dose containment sphere.
INTRODUCTION
Dry powder inhalers (DPIs) continue to gain market share and are becoming the most prescribed devices for delivering inhaled medications to the lungs. 24 Recent studies have demonstrated high efficiency performance of three dimensional (3D) rod array DPIs with aerosol fine particle fractions (FPF) <5 lm greater than 90%, mouth-throat depositional loss <5%, and little sensitivity to inhalation flow rate. 1, 2, 26 However, these DPI development studies and high efficiency devices were tested with relatively low doses of drug. For these devices to deliver a large dose medication, like an inhalable antibiotic, multiple capsules may need to be used to administer a therapeutic dose. In the recent study by Behara et al. 2 a DPI was developed that could produce an aerosol with a mass median aerodynamic diameter (MMAD) of approximately 1.50 lm, an emitted dose (ED) greater than 75%, and FPF less than 5 and 1 lm (FPF <5lm/ED and FPF <1lm/ED ) of 95 and 31%, respectively, at an inhalation flow rate of 45 LPM and a pressure drop of 4 kPa using an excipient enhanced growth (EEG) powder formulation. In comparison, most commercial DPIs typically employ carrier-particle based formulations (i.e., lactose blends) that struggle to generate FPF <5lm above 40% and produce lower values at low flow making dispersion highly dependent on inhalation flow rate. 14, 20, 31 However, spray dried formulations (e.g., Pulmosphere TM and EEG) have recently improved inhaler performance by increasing deaggregation, and thus increasing FPF <5lm values. 7, 23, 29, 30 The high efficiency performance achieved by Behara et al.
2 was based on a 2 mg loaded mass, which is consistent with inhaled medications such as b 2 -agonists and corticosteroids. The delivery of higher dose medicines with these new high efficiency devices may require loading and actuating multiple powder capsules. Repeated loading and delivering the medications over multiple cycles is time consuming and may result in poor patient compliance 24 and variability in delivery efficiency. Potential pharmaceutical applications that require high doses of drug include most inhaled antibiotics (e.g., tobramycin), non-steroidal anti-inflammatories (e.g., disodium cromoglycate), mucus clearance agents (e.g., mannitol), and surfactants (e.g., recombinant protein-C). 15, 22, 30 To deliver these high-dose inhaled medications, three approaches may be employed: (i) use active DPIs often requiring multiple dose loadings, (ii) implement single capsule passive devices and load multiple capsules, and (iii) develop new passive devices intended for high-dose medications. Active DPIs provide a power source to assist with aerosolizing the large powder mass. For example, the MicroDose DPI (MicroDose Therapeutx, Inc., Monmouth Junction, NJ) utilizes a vibrating piezoelectric system to form an aerosol from a foil dosing blister that can contain up to approximately 400 mg of powder. 5 Aerosolization performance with active devices is typically good; however, the implementation of a power source typically increases device cost and complexity. 14, 26 Currently, the most widely used strategy for delivering high-doses of inhaled medications is a capsule-based device with multiple cycles of loading and actuation. For example, the Podhaler (Novartis Pharmaceuticals, San Carlos, CA) inhaler is used to effectively deliver a 112 mg dose of tobramycin to cystic fibrosis patients. 7 This approach provides a significant time savings compared with nebulized delivery, which typically requires 15-20 min per treatment; however, the patient is required to load and actuate four separate capsules. 7 Furthermore, mouth-throat depositional loss is reported to be >40% with the PulmoSphere formulation and Podhaler combination. For the delivery of mannitol as a mucus clearance enhancer, Bronchitol (Pharmaxis Ltd, Sydney, Australia) is currently delivered as ten separate capsules containing 40 mg each. 4 High-dose devices can be classified as delivering 50 mg of powder and above. Ideally, the same device should also be capable of delivering lower masses in the range of 10 or 25 mg. The Twincer inhaler is a passive device that can be operated with a loaded mass up to approximately 50 mg; however, higher masses have not been reported. 6 Recently, the Orbital multibreath inhaler was introduced as a true high powder mass platform capable of delivering doses up to 400 mg over a series of 16 inhalations. 30 With high powder mass devices, multiple inhalations with a single dose loading are considering advantageous to avoid overloading the oropharynx and upper airways with deposited powder during a single inhalation. The Orbital was found to produce aerosols with MMADs of 3, 4.2, and 4 lm using ciprofloxacin (Cipro), mannitol, and a 1:8 Cipro-mannitol co-spray-dried powder, respectively. 30 Fine particle fractions were in the range of 42-67% and mouth-throat (MT) depositional loss was not reported at the tested inhalation flow rate of 60 LPM.
A concept that has previously not been reported for the efficient aerosolization and delivery of pharmaceutical powders in a handheld device is that of a fluidized bed. The fluidized bed concept consists of a collection of small spheres, or other solids, that have fluid-like movement when a gas is forced through them. 19 Chaotic motion of the spheres induces turbulence and collisions that can effectively deaggregate a powder as it passes through the bed. This approach was previously reported in a large scale device used to produce test aerosols for evaluating filters and aerosol characterization equipment. 12 Fluidized beds have also been used to meter and fill dose containment units used in inhalers, such as blisters and capsules. 32 However, a miniature fluidized bed in an inhaler has not previously been considered and may provide an effective approach for producing high efficiency aerosolization of high-dose medications.
The objective of this study is to develop a high-efficiency, high-dose DPI intended for EEG aerosol delivery using a concept similar to a classic fluidized bed aerosol generator. 12, 16, 19 The inhaler contains the fluidized bed, which consists of small light-weight mixing balls. Designs include introduction of the powder directly to the fluidized bed and containment of the powder in a separate dosing sphere that is placed in the fluidized bed. The effect of the mixing balls is also considered by removing them from the design and only including the dose sphere. A series of in vitro experiments was conducted to select leading design conditions, optimize the design, and evaluate aerosolization characteristics compared with existing high efficiency devices at different flow conditions that reflect the inhalation capabilities of adults and children.
MATERIALS AND METHODS

Overview
To develop and optimize the fluidized bed (FB)-DPI, a number of screening experiments were first conducted. The proposed design, shown in Fig. 1 , consists of a chamber with an off-center inlet for airflow to enter from the top, approximately sixty PTFE mixing balls that are 4.76 mm in diameter (McMasterCarr, Elmhurst, Illinois), a powder dosing sphere with an outer diameter of 12 mm, an inner diameter of 10 mm, and four 0.5 mm holes for the powder to exit, a mixing chamber, a mesh to retain the mixing balls, and a mouthpiece. The effects of different mixing ball sizes, air inlets, mixing chamber sizes, and number of holes in the powder dosing sphere were evaluated in search of an optimized design. The inlet, chamber size, and ball size were optimized to produce the maximum vibrational amplitude, as measured using a piezoelectric force sensor. Next, the powder dosing sphere was optimized based on emptying over time to produce a consistent amount of powder leaving the device during each inhalation using a readily available spray dried mannitol powder. Performance of the proposed device was then compared to a previously developed high efficiency DPI for EEG aerosol delivery (i.e., the CC 90 -3D inhaler). 2 The FB-DPI was tested using 25 mg of an EEG ciprofloxacin (EEG-Cipro) formulation for comparison with a single 25 mg capsule used in the previously developed CC 90 -3D device. The FB-DPI was also tested using 100 mg of the EEG-Cipro formulation at a characteristic adult pressure drop of 4 kPa, and 50 mg using a representative pediatric pressure drop of 2 kPa. Results of aerosolization are given in terms of dosing sphere (or capsule) and device retention, ED, FPF <5lm/ED , and FPF <1lm/ED , and the MMAD of the aerosol. Based on previous studies, high efficiency performance for the delivery of EEG formulations will be defined by the production of an aerosol with the following characteristics: an MMAD of approximately 1.50 lm, FPF <5lm/ED above 90%, FPF <1lm/ED above 30%, and an ED of approximately 75% while using a relatively large mass (25- 
Inhaler Design
A fluidized bed can be created by inducing fluid motion through an array consisting of many solids, usually of similar size and material. As the fluid, which is typically air, moves through the bed of solids, the entire structure begins to behave similar to a fluid rather than a solid structure. 9 For creation of the highdose ''fluidized bed'' style DPI, small PTFE mixing balls are used to assist with the emptying of the device as well as the deaggregation of the powder. Inhalation air is drawn through the mixing balls from an inlet jet, causing them to move chaotically within the mixing chamber, which empties the powder dosing sphere and breaks up agglomerates of powder. The basic design of the proposed inhaler is shown in Fig. 1 . The design consists of the mixing chamber, an air inlet from the top, a mesh preventing inhalation of the small mixing balls and dosing sphere, and a mouthpiece. The edges on the inside of the device were rounded to prevent powder buildup in corners that the mixing balls could not reach. The air inlet configurations to be evaluated are shown in Fig. 2 and labeled Inlets 1-6. Inlets directed from the bottom of the chamber were also considered, but were found to be ineffective in comparison to the top inlets.
Approaches to introduce the formulation into the inhaler were direct addition of the powder mass on top of the fluidized bed or containment of the powder in a dosing sphere. The initial prototyped design of the dosing sphere had inner and outer diameters of 10 and 12 mm, respectively. To release the powder, the dosing sphere had either 2, 4, 6 or 8 circular openings (holes) with diameters of 0.5 mm each. The sphere was built in two halves which were assembled after placing the powder inside. The first hole was placed at a 20°offset from the center bisection of the sphere, with a second hole opposite of this at 180°. For the four hole design there are two sets of two holes with center lines that intersect each other in the center of the sphere. For the six and eight hole spheres, the holes were placed at equal intervals around the outside of the sphere, so that for the six hole sphere, there would be three holes on both the top and bottom halves and for the eight hole sphere there would be four holes on each half. Furthermore, a fifth hole configuration, shown in Fig. 3 , was considered that implemented four holes oriented in a way such that the center lines of the holes intersected in the center of the sphere, but the center lines were offset 90°when looking from the top or bottom of the sphere. The dosing sphere was intended to provide high emission from the device while uniformly releasing the powder over four inhalations.
The inhalers and dosing spheres were created using Autodesk Inventor and exported as .STL files to be prototyped. The files were then prepared using 3D Lightyear Software. The parts were built using a 3D Systems Viper SLA machine (3D Systems Inc., Rock Hill, SC) using Accura 60 stereolithography resin (3D Systems Inc.). Once the parts were prototyped, they were cleaned using a Proclean SL Part Washer (3D Systems Inc.) and dried in a 3D Systems UV-light dryer for 90 min. The parts were then sanded to provide a smooth finish.
After prototyping and cleaning, the inhaler devices (but not dosing spheres) were coated with a commercial polytetrafluoroethylene (PTFE) suspension (LU TM 708, Sprayon Products, Cleveland, OH), which is a high contact angle (or low surface energy) material. A suspension of PTFE was sprayed inside the entire device to form a thin coating. Compressed air was blown through the coated portions until the surface appeared dry. This coating was applied to reduce the powder buildup on the walls of the device and to reduce static charge buildup due to a difference in the material of the mixing balls and the prototyped chamber. 
Evaluation of Vibrational Amplitude
To optimize the mixing chamber diameter (15, 20, or 25 mm), inlet configuration, and mixing ball size (3.18, 3.97, or 4.76 mm), a screening method was used. A polyvinylidene fluoride (PVDF) piezoelectric force sensor (LDT1-028 K; Measurement Specialties, Hampton, VA) was fixed to the outside of the devices to measure the intensity of vibration caused by the impaction of the spheres inside the DPI at a steady state flow rate of 45 LPM (4 kPa pressure drop). The positive and negative leads were then connected to an oscilloscope probe. The intensity of the vibration was measured by reading the voltage output values on the oscilloscope. Peak-to-peak voltage averages were used to measure the intensity of vibrations within the inhaler and labeled the vibrational amplitude.
Powder Formulations
Formulations employed were a commercially available spray dried mannitol powder for rapid screening of emitted dose (ED) at high-mass loadings and a spray dried EEG formulation of the antibiotic ciprofloxacin. The spray dried mannitol powder was PEARLITOL 25C (Roquette Pharma, Lestrem, France) with a reported primary particle mean diameter of 25 lm. While larger in particle size than the EEG-Cipro formulation, the PEARLITOL powder was selected for use in the screening studies as it is highly dispersible, similar to EEG formulations, and readily available for high-mass testing of the inhaler emptying characteristics without having the potential pharmacological effects of the EEG-Cipro formulation.
An EEG formulation of co-spray dried mannitol and ciprofloxacin was prepared using the approach described by Son et al. 25 Briefly, a 20% ethanol in water mixture containing 0.5% w/v of solutes consisting of Cipro, mannitol, L-leucine and poloxamer 188 in a ratio of 30:48:20:2 (w/w %) was spray dried using a Bu¨chi Nano spray dryer B-90 (Bu¨chi Laboratory-Techniques, Flawil, Switzerland). The powder formulation was generated using an airflow rate of 120 LPM, 100% liquid flow rate using the 4 lm nozzle diameter at an air inlet temperature of 70°C. The resulting air outlet temperature and spray dryer pressure were 40°C and 35 mbar, respectively. Powder was collected from the electrostatic precipitator of the spray dryer and was stored in a desiccator until it was used. The powder yield was about 50-60%. Approximately 1 mg of powder was dissolved in 100 mL of deionized water and analyzed for content uniformity (n = 3) of Cipro in the formulation using the USP HPLC method for Cipro. To protect the powder formulations from the effects of ambient humidity, powders were stored in a desiccator to prevent moisture ingress and aerosolized following brief exposure to environmental RH conditions.
As previously described, the EEG approach is intended to generate an aerosol with a very small initial MMAD, typically 1.5 lm or below, and high FPF. 25 Due to small size of the aerosolized particles, MT or extrathoracic deposition is minimal. 25 Once inside the airways, the EEG particles take up water due to the inclusion of the hygroscopic excipient and become significantly larger droplets. 10 This size increase of the droplets is used to ensure aerosol deposition within the lungs, which would be largely exhaled without size increase, and potentially control the region of drug delivery. 27 
Evaluation of Device Emptying
The device with the highest vibrational amplitude was selected and implemented for evaluation of ED from the five different dosing spheres. Initial screening was conducted with 100 mg of the PEARLITOL 25C formulation loaded into the dosing sphere and placed in the selected FB-DPI. A vacuum pump, flow controller and inline filter were connected in series to the mouthpiece of the inhaler and the FB-DPI was actuated using a inhalation flow rate of 60 LPM for 4 s producing an inhaled volume of 4 L. The corresponding pressure drop over the device was 4 kPa. Four inhalation cycles were used to evaluate the inhaler. The ED in these screening experiments using PEARLITOL 25C was calculated by weighing the FB-DPI before and after testing. Emptying of the inhaler after each inhalation was also tested using a 25 mg mass of spray dried EEG-Cipro powder over four inhalations and analyzed by weight. This relatively low mass was employed to provide a conservatively low estimate of emptying, as percent ED is expected to increase as loaded mass is increased.
Evaluation of Previously Developed Capsule-Based EEG DPIs at Higher Loaded Mass
The previous study of Behara et al. 2 developed the CC 90 -3D rod array DPI for use with EEG formulations and showed high efficiency performance with a 2 mg loaded mass. In the current study, performance of the CC 90 -3D device is evaluated with 25 mg of the EEG-Cipro formulation, which is the approximate maximum that can be placed in a single size 3 HPMC capsule (Qualicaps, Whitsett, NC). The loaded capsules were then pierced using a 0.5 mm needle in the optimum configuration as determined by Behara et al. 2 and placed in the CC 90 -3D inhaler. The powder was then aerosolized into a Next Generation Impactor (NGI; MSP Corp., Shoreview, MN) using a 2 or 4 kPa pressure drop across the device, which corresponded to flow rates of 32 LPM or 45 LPM, respectively. For the adult 4 kPa pressure drop, powders were aerosolized until a total air volume of 4 L was drawn through the inhaler at ambient conditions (10-45% RH and 20-24°C). For the pediatric 2 kPa pressure drop, the powder was aerosolized until a total volume of 1.5 L was drawn through the device. Four inhalation cycles were pulled through the device for the adult and pediatric pressure drops.
Evaluation of Fluidized Bed High-Dose Device (FB-DPI)
To characterize the aerosolization performance of the FB-DPI, EEG-Cipro formulation weights of 25, 50, and 100 mg were considered. Evaluation of 25 mg was used for direct comparison with the CC 90 -3D inhaler whereas 50 and 100 mg were considered as high-doses for pediatric and adult applications, respectively. The appropriate mass was weighted and placed in the prototyped dosing sphere, which was then loaded into the FB-DPI. The powder was then aerosolized into the NGI at an airflow rate corresponding to both a 2 and 4 kPa pressure drop across the device. For the adult 4 kPa pressure drop, powders were aerosolized at 60 LPM until a total air volume of 4 L was drawn through the inhaler. For the pediatric 2 kPa pressure drop, the powder was aerosolized at 45 LPM until a total volume of 1.5 L was drawn through the device, which is consistent with in vivo data for an approximately 7-year-old child. 13, 28 As in the other cases, four inhalation cycles were implemented for each test. All measurements with the EEG-Cipro formulation were made with three replicates.
Particle Size Characterization
The stages of the impactor were coated with silicone spray to minimize particle bounce and re-entrainment. The powders were aerosolized with the DPI in a horizontal position attached to the pre-separator on the NGI using a rubber mold made specifically for the mouthpiece of this inhaler to ensure a perfect seal. To allow for horizontal positioning of the inhaler, as it would be used by a patient, and avoid the use of an induction port, the NGI was positioned on its side (oriented vertically). This positioning of the NGI is not expected to affect sizing performance due to the reliance on impaction and not sedimentation for aerosol capture. To assess the total aerosol size distribution in the absence of a lactose carrier, the USP induction port was not used in this research and development study. After aerosolization, drug retained in the dosing sphere or capsule, device, and the drug collected on the preseparator, impaction plates and the filter were extracted by washing with deionized water for quantitative HPLC analysis. The cut-off diameters of each NGI stage at a specific airflow rate were calculated using the formula specified in USP 35 (Chapter 601, Apparatus 5).
Device Retention, Emitted Dose, and Calculation of Aerosol Metrics
When using the EEG-Cipro formulation, the loaded Cipro dose was determined from the initial weight of the powder taken for aerosolization and the percent of Cipro content in the EEG formulation as measured by content uniformity. The mass of Cipro retained in the dosing sphere, or capsule, and device was determined by HPLC and expressed as a percentage of the loaded Cipro dose. Emitted dose was calculated by subtracting the mass of Cipro retained in the dosing sphere and device from the loaded Cipro dose. FPF of the EEG formulation (FPF <5lm/ED ) and submicrometer FPF (FPF <1lm/ED ) were defined as the fraction less than 5 and 1 lm, respectively, expressed as a percentage of the ED. MMAD, FPF <5lm/ED , and FPF <1lm/ED were calculated from linear regression equations resulting from cumulative percentage mass vs. ln(cut-off diameter) of the respective stages on the NGI plots.
RESULTS
Effects of Chamber Size and Inlet Configuration on Vibrational Amplitude
Results for the optimization of the chamber size, inlet configuration, and mixing ball size are shown in Table 1 . These values are the peak-to-peak voltage averages output from the piezoelectric averaged over five repetitions (vibrational amplitude). The results were verified visually and indicated that the designs with the highest vibrational amplitude values produced the highest amount of ball movement. The three different mixing ball sizes, along with the 25 mm chamber and Inlet 5 (Fig. 2e) produced the most active ball movement. The different mixing ball sizes did not show any significant difference in the ball movement of the optimum system (Table 1) , so the largest ball size, 4.76 mm, was selected. Based on this evaluation of maximum vibrational amplitude at a constant inhalation flow rate, the leading design used in the subsequent experiments implemented a 25 mm chamber diameter with airflow Inlet 5 and 4.76 mm mixing balls.
Effect of Powder Dose Sphere on Emitted Dose
The initial emptying results using PEARLITOL 25C are shown in Table 2 and include the total ED from the inhaler and the percentage of the powder released from the dosing sphere after a total of four inhalations at 60 LPM for 4 s. All of the designs, excluding the two hole design, performed well in terms of ED, however this test provided no information as to the emptying of the inhaler during each individual inhalation. The design goal was to produce relatively uniform release of the powder over each of the four inhalations. Table 3 illustrates the cumulative dose emptying for each of the four inhalation cycles achieved by each configuration of the dosing sphere. The two hole design achieved a consistent release, but the overall ED was low at 58.8%. Without the dose sphere, nearly the entire ED was released in the first inhalation (80.5%), and only increased to 81.4% with four inhalations. The four and six hole designs outperformed the 4 Hole-90°d esign in terms of overall emptying in this test, but the 4 Hole-90°design produced the more consistent release of the powder that was desired. Specifically, for the four and six hole designs 61.3 and 85.4% of the powder was released in the first breath, respectively. The 4 Hole-90°design only released 36.9% of the powder in the first breath, then 63.3%, cumulatively, in the second breath. Based on both good emptying and consistent release, the 4 Hole-90°design was selected for subsequent experiments. The final design of the dosing sphere for the adult pressure drop, shown in Fig. 3 , consisted of an outside diameter of 12 mm, inside diameter of 10 mm, and four 0.5 mm holes with centerlines that intersect perpendicularly through the middle of the sphere (4 Hole-90°design). The dosing sphere for the pediatric pressure drop was of the same design, but with an inside diameter of 8 mm and an outside diameter of 9.4 mm to keep the ball as light as possible. These designs were implemented in the final testing of the aerosolization performance of the device using the EEG-Cipro formulation.
Results of CC 90 -3D Inhaler with High-Dose
For this high-dose study, the CC 90 -3D inhaler was very effective at deaggregating the EEG-Cipro powder with the adult pressure drop of 4 kPa, even at its maximum fill mass of 25 mg, as shown in Table 4 . As expected with the larger mass, as well as using multiple inhalations, the ED increased to 88.6% while the MMAD was found to be 1.55 lm, only a slight increase over the previous study of Behara et al.
2
FPF <5lm/ED and FPF <1lm/ED values were similar to the previous study with only a slight drop in the FPF <1lm/ED value from 31.4%, as reported previously, to 28.8% with the larger mass. 2 However, when the pediatric pressure drop was used with the 25 mg formulation mass, there appeared to be insufficient airflow to levitate the capsule and produce the aerosol. In contrast, the previous study of Behara et al.
2 which implemented a 2 mg mass, showed consistent performance of the device across pressure drops of 2-6 kPa. As a pressure drop of 2 kPa and formulation weight of 25 mg is outside of the initial design criteria of the CC 90 -3D inhaler and ED performance was poor, these results are not presented. However, it is expected that the CC 90 -3D inhaler can be modified to perform well under these conditions by optimization of the airflow inlet size and capsule chamber dimensions to allow for levitation of the capsule at reduced flow rates.
Results of the High-Dose Fluidized Bed Device (FB-DPI)
The high-dose device was tested using 25 mg of the EEG-Cipro powder formulation for comparison with the CC 90 -3D inhaler and the results are displayed in Table 4 . The aerosolization performance of the device at the adult pressure drop was similar to that of the CC 90 -3D inhaler with a MMAD of 1.53 lm and a FPF <5lm/ED and FPF <1lm/ED of 93.8 and 31.3%, respectively. However, the ED of 59.8% was significantly lower than with the CC 90 -3D device with Table 5 . The pediatric pressure drop and 25 mg loaded mass produced an ED of 57.5%, with only 12.4% retention in the dosing sphere, but 30.2% device retention. As expected with a lower flow rate, the MMAD increased to 1.81 lm and the FPF <1lm/ED decreased to 20.0%, but the FPF <5lm/ED remained similar at 93.0%. The design of the dosing sphere for the pediatric pressure drop limited the maximum mass to 50 mg instead of 100 mg with the adult model. The results for the pediatric pressure drop using 50 mg of powder are compared to the adult pressure drop at 100 mg in Table 5 . At 2 kPa and 50 mg loaded mass with the pediatric dose sphere, the device produced an ED of 59.8%, a MMAD of 1.80 lm, a FPF <5lm/ED of 92.3%, and a FPF <1lm/ED of 21.8%, which is comparable to the 25 mg data. In a final set of experiments, the mixing balls were removed from the system and the motion of the dosing sphere alone was used to deaggregate and aerosolize the powder. Results at a 4 kPa pressure drop with the adult dose delivery sphere and 25 mg loaded mass are displayed in Table 6 for the FB-DPI without the mixing balls. Results indicated an ED of 73.8% without the mixing balls, which was significantly (p < 0.05; t test) improved compared to the similar case with the balls (59.8%; Table 4 , FB-DPI 4 kPa). However, there were no significant changes in the aerosol quality when the balls were removed with an MMAD of 1.53 lm, FPF <5lm/ED of 95.1%, and FPF <1lm/ED of 31.4%.
DISCUSSION
A primary outcome of this study is the first evaluation of an inhaler based on a fluidized bed design. The design of the inhaler incorporating mixing balls caused a significant decrease in the aerosol ED compared to the inhaler without the mixing balls with more drug retention in both the dosing sphere and the device (absolute difference of 16%), but the MMAD was unaffected by the presence of the mixing balls. This is likely because of the increased surface area, provided by the mixing balls, to which the powder could adhere. The movement of the dose sphere was potentially hindered by the mixing balls, thus increasing the retention in the dosing sphere.
The previously developed CC 90 -3D inhaler was able to produce a very high quality aerosol with a 25 mg loaded mass at the adult pressure drop of 4 kPa. However, four capsules and four inhalations per capsule would be required to achieve the same nominal loaded formulation mass as the 100 mg FB-DPI device. The performance of the CC 90 -3D device became extremely limited at the pediatric pressure drop with a weight of 25 mg, which was beyond the initial design parameters of the inhaler. It is expected that the capsule chamber of the CC 90 -3D inhaler can be redesigned to allow for effective operation at this higher formulation weight compared with the 2 mg weight considered by Behara et al.;
2 however, this optimization is beyond the scope of the current study.
Compared with the previously developed CC 90 -3D inhaler at a formulation weight of 25 mg and adult pressure drop of 4 kPa, the optimal FB-DPI device produced nearly identical aerosol characteristics but the ED was reduced from 88.6 to 59.8% (Table 4 ). The clear advantage of the FB-DPI is the ability to increase the loaded mass to 100 mg as considered in Table 5 . ncreasing the loaded mass to 100 mg at the adult pressure drop did not change the aerosolization characteristics and increased the ED to 71.4%. This increase in ED associated with increased loaded mass is due to the internal surface area of the dosing sphere, which is larger than the internal surface area of the capsules used in the CC 90 -3D inhaler, in order to hold more powder.
By using a combination of the fluidized bed device and the EEG powder formulation, the FB-DPI was able to produce an aerosol much smaller than that of the ORBITAL device using the co-spray-dried formulation, with an MMAD less than half the size (1.53 vs. 4.0 lm) and with much higher FPFs (93.8 vs. 42%). 30 It should be noted that the primary particle size of the EEG-Cipro formulation was in the submicrometer range unlike the 2.9 lm ORBITAL formulation. The ED of the FB-DPI after four inhalations was approximately 71.4% compared with the ORBI-TAL device that appeared to emit approximately 75% of its dose at four inhalations. The ORBITAL was also able to deliver a formulation mass of up to 400 mg, which could offset the expected higher mouth-throat depositional loss associated with using a larger aerosol MMAD.
The optimum fluidized bed device that resulted from this study had the following characteristics: 25 mm chamber diameter, Inlet #5, 4.76 mm mixing ball diameter, and the 4 Hole-90°dose sphere. This device was able to produce a 1.53 lm MMAD aerosol with a FPF <5lm/ED of 93.3%, a FPF <1lm/ED of 36.4%, and an ED of 71.4% when used at the adult pressure drop and maximum tested formulation weight of 100 mg. When used at the pediatric pressure drop, the device was able to produce a 1.80 lm MMAD aerosol with a FPF <5lm/ED of 92.3%, a FPF <1lm/ED of 21.8%, and an ED of 59.8% using the maximum tested pediatric formulation weight of 50 mg. In both the adult and pediatric cases, the small aerosol (i.e., MMAD <2 lm) is expected to produce low MT depositional loss. For example, Son et al. 25 previously demonstrated that an EEG aerosol with a MMAD of approximately 1 lm produced a MT depositional loss of <5%, compared with 80% for a commercial formulation and inhaler. Using a 3D rod array DPI and EEG formulation, MT depositional loss was reduced to <3%. 26 For the adult inhalation conditions, the shortcoming of the optimized FB-DPI is the ED of 71.4%, whereas previous high efficiency DPIs have achieved ED values >75%.
1,2
Testing the device without the mixing balls indicated that ED could be increased without altering the performance. This was an interesting finding considering that fluidized beds are known to contribute to powder deaggregation and are often used in industry to produce high quality fine aerosols. 12 An additional test of the vibrational amplitude without the mixing balls but including the dose sphere indicated a value of 566.4, which is higher than the values reported in Table 1 for the FB-DPI designs with mixing balls and supports an association between the measured vibrational amplitude and DPI performance. In contrast, increased vibrational frequency created by the mixing balls may reduce vibrational amplitude and limit ED. Furthermore, the use of smaller mixing balls, as with the studies of Lind et al. 16 and Prenni et al. 19 for packed beds, may further decrease ED due to increased surface area of the spheres as a whole and likely increased vibrational frequency. As a result, the high dose device can be simplified and improved by removing the mixing balls and only retaining the dosing sphere and inhaler body. These findings motivate further study of the high dose DPI in order to maximize ED and deaggregation with the simplest possible device. However, this optimization is beyond the scope of the current study, which was intended to characterize the performance of an inhaler that was based on using the well recognized approach of a fluidized bed for aerosol deaggregation. As previously described, the use of CFD simulations together with concurrent in vitro experiments can be applied to further optimize the device design in a quantitative manner. 11, 17, 18 Considering the pediatric delivery conditions and 50 mg formulation weight, performance of the FB-DPI appears acceptable. Shortcomings of the device at 2 kPa appear to be an ED of~60% and a small increase in particle size with a MMAD of 1.8 lm. A recent study of commercial inhalers tested under pediatric delivery conditions produced MT deposition values of 60-80%. 3 In contrast, our preliminary MT deposition results with EEG formulations and pediatric airway conditions indicate losses <10%. Based on results for the FB-DPI device at 100 mg and 4 kPa, it is expected that removing the mixing balls from the pediatric inhaler will again improve ED. Further decreases in MMAD, if needed, can likely be achieved through optimization of the dosing sphere (e.g., hole position and size) and modifying the number of required inhalations.
Limitations of the current study include use of vibrational amplitude and Pearlitol powder to screen the initial designs. Vibrational amplitude was found to be highest in the case without the mixing balls, which implies that use of this parameter as a screening tool for DPI performance may be valuable. However, vibrational frequency was not considered and could potentially reduce ED as in the study of Behara et al.
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The highly dispersive EEG formulations were expected to deaggregate like much larger Pearlitol particles; however, this association has not been proven. In the sizing experiments, neither an induction port nor a mouth-throat geometry was used in order to best quantify the size distribution of the aerosol leaving the inhaler and entering the respiratory tract. It was not our intent to perform compedial quality control experiments; however, it is expected that the preseparator captures the drug that would have deposited in the induction port (or mouth-throat) considering that it has a smaller cutoff size. As a result, it is expected that FPF calculations were not biased based on exclusion of the MT geometry. In addition, while the stages of the NGI were coated with a silicone spray, as suggested by USP, it is acknowledged that with the higher masses of powder used in this study, particle bounce may not have been completely prevented. Some small powder deposits were seen on the nozzles of the NGI after the experiments suggesting some particle bounce may be present, which may lead to small changes in the particle size distribution. 8, 21 Additional limitations of this study include the investigation of a single chamber design and orientation, the evaluation of the device only with an inlet at the top of the chamber, and the evaluation of a single EEG drug formulation. Other chamber designs could prove to be more effective at lowering the device retention, but could also have a negative effect on the particle size. Positioning the inlet on the side or the back of the inhaler could also have an effect on the performance of the device and needs to be studied further for confirmation. The EEG-Cipro powder was the only formulation studied, but the data from the CC 90 -3D device was similar to the EEG-Albuterol Sulfate (AS) formulation used in the study by Behara et al.
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CONCLUSIONS
In conclusion, the classic deaggregation method of a fluidized bed was implemented in a compact hand-held oral inhaler for the first time and optimized for the delivery of high dose dry powder aerosols. Based on previous performance of new high efficiency inhalers originally designed for lower doses, the optimized FB-DPI provided excellent deaggregation of the aerosol but decreased ED under adult and pediatric inhalation conditions. 1,2 Removal of the mixing balls improved emitted dose while maintaining excellent deaggregation, such that the combination of the powder formulation with the mixing chamber and dose sphere is likely most responsible for the high quality aerosol that was produced. Still, the combination of the FB-DPI and EEG powders with or without the mixing balls achieved MMADs and FPFs that are far superior to currently available products. Compared with the newly proposed high dose Orbital inhaler, the strength of the FB-DPI is its improved aerosolization. 30 However, the Orbital device is currently capable of delivering 400 mg, which may be advantageous in some applications. Our approach is to instead load 100 mg and be four times more efficient at targeted lung delivery, which is to be determined in future studies. Analysis of the fluidized bed design indicated that removal of the mixing balls and maintaining the newly designed dosing sphere and chamber increased ED to 73.8% while maintaining excellent aerosolization performance. As a result, it is concluded that the FB-DPI is highly effective but can be simplified by maintaining only the newly designed dosing sphere and inhaler chamber. Future studies will seek to optimize the simplified new design for high dose DPI delivery to both adults and children.
